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Abstract

:

A microwave photonic frequency-doubling phase shifter with a broad bandwidth and large tuning range is proposed in this paper. Frequency doubling and phase shifting are realized by processing the input microwave signal in the optical domain at a dual-drive dual-parallel Mach–Zehnder modulator (DD-DPMZM) and a dual-parallel Mach–Zehnder modulator (DPMZM). The input signal is split into two branches through a 90-degree hybrid splitter. One signal is sent to the DD-DPMZM to achieve a phase-shifted carrier-suppressed up-sideband by tuning the bias voltage, and the other is sent to the DPMZM to realize a carrier-suppressed down-sideband. By beating the phase-shifted up-sideband and the down-sideband at a photodetector (PD), the input signal is frequency doubled and phase shifted. The proposed frequency-doubling phase shifter is simulated. The results show that the frequency-doubled signal has a phase-tuning range from 0 to 360 degrees. In addition, the influence of the amplitude and phase unbalance of the 90-degree hybrid splitter on the magnitude variation and phase deviation of the frequency-doubling phase shifter is studied.
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1. Introduction


Traditional phased array radars, broadband wireless communications, and remote sensing use electrical phase shifters used to realize the phase control of RF signals [1,2,3]. However, their performance is not satisfactory due to the limited bandwidth and phase-shift range of the electrical phase shifters. The emergence of microwave photonics solves these problems well [2,3]. The RF signals are modulated onto an optical carrier and processed in the optical domain [4]. Thanks to the advantages of the small volume, lightweight, low loss, large bandwidth, and anti-electromagnetic interference, photonic techniques are widely used to create broadband phase shifters with a 360-degree shifting range [5,6,7,8,9,10,11,12].



For example, phase shifting can be realized by tuning the optical wavelength incorporating stimulated Brillouin scattering (SBS) [5]. A long fiber and a high-power optical pump are usually used for the SBS operation. To reduce the size, photonic-integrated micro-ring resonators (MRRs) are used to tune the phase [6,7,8]. However, the bandwidth is limited when using a single MRR [6,7]. To solve this problem, two MRRs are used [8] in the phase shifter. Furthermore, magnitude deviations resulting from the notch-magnitude response of the MRR should be noted in the design of MRR-based phase shifters. Another approach to implementing phase shifting is using electro-optic modulators (OEMs), such as dual-polarization dual-parallel Mach–Zehnder modulators (MZMs) [9], dual-polarization MZMs [10], bidirectional phase modulators [11], or dual-drive dual-parallel MZMs [12]. In OEM-based phase shifters, the phase shifts are usually implemented by adjusting the bias voltage. In addition, the system generally contains an optical filter, which can limit the system’s frequency response, especially at a low frequency, due to the limited edge steepness of the optical filter.



With the development of modern radar systems, multi-function operations within one system are becoming more critical [13,14]. In particular, microwave phase shifters with the capacity of frequency multiplying are emerging in the study of microwave photonics [15,16,17,18,19,20]. For example, a microwave phase shifter with the capacity of frequency doubling can be achieved by using a phase modulator and a programmable optical filter. The ±1st order sidebands of the modulated optical signal are chosen, and one of the selected sidebands has a tunable phase shift applied by the filter [15]. A frequency-quadrupling phase shifter can be realized using OEMs and optical filters. The optical filters choose the ±2nd order sidebands of the modulated signal generated from the OEMs, and one of the selected sidebands is phase shifted by tuning the bias voltages of the OEMs [16,17]. The limited steepness of the optical filter limits the frequency response of the phase shifter. To overcome this limitation, filter-less frequency-doubling phase shifters [19,20] are proposed based on OEMs, where ±1st-order sidebands from dual-parallel polarization modulators [19] or dual-polarization dual-parallel MZMs [20] are injected into the polarization modulator to achieve the phase shifting. However, polarization control is of great necessity in the filter-less frequency-doubling phase shifters mentioned above.



In this paper, we propose and demonstrate a microwave photonic frequency-doubling phase shifter without optical filtering and polarization controlling. The system consists of a laser diode (LD), a dual-drive dual-parallel Mach–Zehnder modulator (DD-DPMZM), a dual-parallel Mach–Zehnder modulator (DPMZM), and a photodetector (PD). The RF signal is divided into two branches and modulated at the DD-DPMZM and the DPMZM. By tuning the bias voltage, a phase-shifted carrier-suppressed (CS) up-sideband signal and a CS down-sideband signal are generated at the outputs of the DD-DPMZM and DPMZM, respectively. Then, beating the two CS single-sideband (CS-SSB) signals at the PD, a frequency-doubling and phase-shifting signal is generated. Thanks to the broad bandwidth of the optoelectronic devices, the phase shifter has a large 3 dB bandwidth. The phase shifting is realized by adjusting the direct-current (DC) bias voltage of the DD-DPMZM. Hence, the phase shifter has the advantages of a high phase-shifting accuracy and fast tuning speed. In addition, the proposed system has better stability due to the useless polarization controlling, which is sensitive to vibrations. It should also be noted that unavoidable precise bias voltage controlling can be implemented by relatively mature electronic technology and does not destabilize the system. A frequency-doubled signal with a phase-tuning range from 0 to 360 degrees and minor magnitude variations and phase deviations were achieved in the simulation demonstration.




2. Principle


Figure 1 shows the schematic diagram of the proposed microwave photonic frequency-doubling phase shifter. A lightwave was generated from an LD and split into two branches via an optical divider (OD). In the upper branch, the lightwave was injected into a DD-DPMZM, consisting of two sub-dual-diver MZMs (DDMZM1 and DDMZM2). In sub-DDMZM1, the lightwaves at the upper and lower arms were modulated by RF signals from 180- and 0-degree ports of a 180-degree hybrid splitter (HS1), respectively. The input signal of 180-degree HS1 came from the 90-degree port of a 90-degree HS, where the input signal was the initial RF signal. In sub-DDMZM2, the lightwaves at the upper and lower arms were modulated by RF signals from 0- and 180-degree ports of a second 180-degree HS2, respectively. The input signal of 180-degree HS2 came from the 0-degree port of the 90-degree HS. In the lower branch, the lightwave was injected into a DPMZM, consisting of two sub-MZMs (MZM1 and MZM2). In the DPMZM, the lightwaves at sub-MZM1 and sub-MZM2 were modulated by RF signals from the 0- and 90-degree ports of the 90-degree HS. Then, the modulated lightwaves from DD-DPMZM and DPMZM were combined via an optical coupler (OC) and detected by a PD. In addition, an electrical amplifier (EA) can be placed after the PD to amplify the frequency-doubled and phase-shifted signal.



In the DD-DPMZM, both sub-DDMZM1 and sub-DDMZM2 work in a push–pull mode to eliminate the chirp effect. This is realized using two RF signals with a π phase difference to drive the sub-DDMZMs, assuming that the driven RF signals of sub-DDMZM1 are VRF1(t) and VRF2(t), given by VRF1(t) = −VRF2(t) = VRFsin(ωRFt), where VRF and ωRF are the amplitude and the angular frequency of the RF signal, respectively. The output of sub-DDMZM1 can be written as:


   E 1   t  =    2   2  ⋅  1 2   E  i n    t     e  j β sin    ω  R F   t   + j  α 1    +  e  − j β sin    ω  R F   t   + j  α 2       



(1)




where Ein(t) is the lightwave from the LD, β is the modulation index, and α1 and α2 are the phase shifts controlled by the bias voltages V1 and V2, respectively. Ein(t), β, α1, and α2 are given by Ein(t) = E0exp(jω0t), β = π(VRF/Vπ), α1 = π(V1/Vπ,dc), and α2 = π(V2/Vπ,dc), respectively, where E0 and ω0 are the amplitude and angular frequency of the lightwave from the LD, respectively, and Vπ and Vπ,dc are the half-wave and switching bias voltages, respectively. The phase difference between α1 and α2 are ∆α1 = π(∆V1/Vπ,dc), where ∆V1 = V2 − V1.



By substituting the expansion of the Bessel function of the first kind, Equation (1) is rewritten as:


     E 1   t    =    2   2  ⋅  1 2   E  i n    t     e  j β sin    ω  R F   t   + j  α 1    +  e  − j β sin    ω  R F   t   + j  α 2           =    2   4   E  i n    t    ∑  n = − ∞   + ∞       J n   β   e  j  α 1     e  j n  ω  R F   t   +  J n    - β    e  j  α 2     e  j n  ω  R F   t            =    2   4   E  i n    t    ∑  n = − ∞   + ∞       J n   β   e  j  α 1     e  j n  ω  R F   t   +     − 1    n   J n   β   e  j  α 1  + △  α 1     e  j n  ω  R F   t            =    2   4   E  i n    t    ∑  n = − ∞   + ∞     e  j  α 1        1 +     − 1    n   e  j Δ  α 1       J n   β   e  j n  ω  R F   t      



(2)




where Jn(β) is the Bessel function of the nth order of the first kind.



The driven RF signals of sub-DDMZM2 are V3(t) and V4(t), given by V3(t) = −V4(t) = VRFcos(ωRFt). The output of sub-DDMZM2 can be given by:


   E 2   t  =    2   2  ⋅  1 2   E  i n    t     e  j β cos    ω  R F   t   + j  α 3    +  e  − j β cos    ω  R F   t   + j  α 4       



(3)




where α3 = π(V3/Vπ,dc) and α4 = π(V4/Vπ,dc) are the phase shifts controlled by the bias voltages V3 and V4, respectively. By substituting the expansion of the Bessel function of the first kind, Equation (3) is rewritten as:


   E 2   t  =    2   4   E  i n    t    ∑  n = − ∞   + ∞     e  j  α 3        1 +     − 1    n   e  j Δ  α 2       j n   J n   β   e  j n  ω  R F   t    



(4)




where ∆α2 = π(∆V2/Vπ,dc) is the phase difference between α3 and α4, and ∆V2 = V4 − V3.



The output of the DD-DPMZM is given by:


   E  D D − D P M Z M   =    2   2     E 1   t  +  E 2   t   e  j  α 5       



(5)




where α5 = π(V5/Vπ,dc) is the phase shift controlled by the bias voltage, V5. By tuning V1 equals V3, corresponding to α1 = α3, and assuming a small signal modulates the DD-DPMZM, the second- and higher-order sidebands can be ignored, and the output is given by:


   E  D D − D P M Z M   ≈  1 4   E  i n    t   e  j  α 1          1 +  e  j Δ  α 1    +   1 +  e  j Δ  α 2       e  j  α 5       J 0   β      +   1 −  e  j Δ  α 1    + j   1 −  e  j Δ  α 2       e  j  α 5       J 1   β   e  j  ω  R F   t       +   1 −  e  j Δ  α 1    − j   1 −  e  j Δ  α 2       e  j  α 5       J  − 1    β   e  − j  ω  R F   t        



(6)







By tuning bias voltages V1 to V5, keeping ∆α1 = ∆α2 = π and α5 = −π/2, the output of the DD-DPMZM (Point A in Figure 1) can be rewritten as:


   E  D D − D P M Z M   ≈  E  i n    t   J 1   β   e  j  α 1     e  j  ω  R F   t    



(7)







It can be seen that the −1st-order sideband and the carrier are eliminated, and the phase of the 1st-order sideband can be adjusted by tuning the bias voltage, V1. The relations between the bias voltages V1 to V4 are given by V2 = V1 + Vπ,dc, V3 = V1, and V4 = V2.



In the DPMZM, both the sub-MZMs (sub-MZM1 and sub-MZM2) have a built-in 180-degree phase-shifting structure and work in the push–pull mode. Assuming the half-wave and switching bias voltages of the DPMZM equal that of the DD-DPMZM, and tuning the bias voltages (V6 and V7) of the two sub-MZMs to be equal to each other, the output of the DPMZM can be given by:


   E  D P M Z M   ≈  1 4   E  i n    t        1 +  e  j  α 6        1 +  e  j  α 8       J 0   β      +   1 −  e  j  α 6    + j   1 −  e  j  α 6       e  j  α 8       J 1   β   e  j  ω  R F   t       +   1 −  e  j  α 6    − j   1 −  e  j  α 6       e  j  α 8       J  − 1    β   e  − j  ω  R F   t        



(8)




where the phase shifts α6 and α8 controlled by bias voltages V6 and V8 are given by α6 = π(V6/Vπ,dc) and α8 = π(V8/Vπ,dc), respectively. By tuning bias voltages V6 and V8 to make α6 and α8 equal π and π/2, respectively, the output of the DPMZM (Point B in Figure 1) is rewritten as:


   E  D P M Z M   ≈  E  i n    t   J  − 1    β   e  − j  ω  R F   t    



(9)







Then, the output lightwaves of the DD-DPMZM and DPMZM are combined (Point C in Figure 1) via an optical coupler and detected by a PD. According to Equations (7) and (9), the output of the PD can be given by:


   V  o u t    t  ∝      J 1   β     2   e  j ( 2  ω  R F   t +  α 1  )    



(10)







It can be seen that the input RF signal is frequency doubled and phase shifted at the output of the PD. The phase-shifting coefficient is α1, which is linearly related to the bias voltage, V1.




3. Results and Discussion


The proposed frequency-doubling phase shifter was simulated using Optisystem based on the setup in Figure 1. In the simulation, the LD had a center frequency of 193.1 THz, a power of 13 dBm, and a relative intensity noise (RIN) of about −140 dBc/Hz. The 3 dB bandwidth and the insertion loss of the DD-DPMZM and DPMZM were 40 GHz and 12 dB, respectively. Both the half-wave (Vπ) and switching bias (Vπ,dc) voltages were set to 4 V. The PD had a 3 dB bandwidth of 40 GHz, a responsivity of 0.8 A/W, and a thermal and shot noise of less than −155 dBc/Hz. The output of the PD was 30 dB amplified by an electrical amplifier with a 3 dB bandwidth of 40 GHz. The 90- and 180-degree hybrid splitters had 3 dB bandwidth of 40 GHz. The spectra of the optical signals were evaluated by an optical spectrum analyzer. The spectra and the waveforms of the electrical signals were evaluated by an electrical spectrum analyzer and an oscilloscope, respectively.



The frequency and amplitude of the input RF signal were set to 20 GHz and 1 V, respectively. By tuning bias voltages V1 to V4 to 2, 6, 2, and 6 V, respectively, the phase shifts α1 and α2 were equal to each other. In addition, both the phase differences ∆α1 and ∆α2 equaled π. Then, the DD-DPMZM worked in the condition of a carrier-suppressed single sideband (CS-SSB) modulation. Figure 2a shows the optical spectrum at the output of the DD-DPMZM. As can be seen, a CS-SSB signal is achieved, where the +1st sideband is about 22.30 dB higher than the optical carrier. A CS-SSB signal with the −1st sideband is measured in Figure 2b at the output of the DPMZM, where bias voltages V6 to V8 are set to 4, 4, and 2 V, corresponding to phase shifts α6 = π, α7 = π, and α8 = π/2, respectively. It can be seen that the −1st sideband is 22.31 dB higher than the optical carrier. Then, the output lightwaves from the DD-DPMZM and DPMZM were combined via an optical coupler. The combined signal is measured in Figure 2c, where the +1st and −1st sidebands are 19.77 and 18.99 dB higher than the optical carrier, respectively. A PD detects the combined signal, and the electrical spectrum is measured in Figure 2d. It shows that a frequency-doubled signal with a frequency of 40 GHz and a fundamental rejection of 34.17 dB is generated at the output.



By tuning bias voltage V1 from 0 to 8 V with a step of 1 V, corresponding to a phase-shifting range from 0 to 360 degrees with a step of 45 degrees for α1, the waveforms of the generated and 30 dB amplified frequency-doubled signals are evaluated in Figure 3 via an oscilloscope with a set sampling rate of 1 Ts/s. It is shown that the generated frequency-doubled signal has a constant amplitude and a phase-shifting range of 360 degrees with a linear step of 45 degrees. The simulation results agree well with the theoretical analysis in Equation (10).



The magnitude variation and phase deviation with the frequency change were also simulated using Optisystem. The simulated results are plotted in Figure 4, where the input signals of the phase shifter have frequencies ranging from 0 to 20 GHz. As can be seen, both the amplitude and phase shifts are independent of the frequency change. This can also be explained by Equation (10), where the output amplitude and phase shift are determined by the modulation index, β, and the phase shifts, α1, respectively. In particular, both β and α1 are independent of the frequency change. Note that the ±0.02 dB magnitude variation and ±0.1 degree phase deviation resulted from the noise from the optoelectronic devices, such as the LD and PD.



The results in Figure 4 were achieved by assuming the 90-degree HS had balanced amplitude and phase outputs. However, the amplitude and phase at the outputs of the 90-degree HS are usually unbalanced. Its effect on the output of the proposed frequency-doubling phase shifter is simulated in Figure 5. Figure 5a,b show the effect of the 90-degree HS amplitude unbalance on the output magnitude and phase shift of the proposed phase shifter, respectively. As can be seen, magnitude variations of around ±2 dB and phase deviations of about ±12 degrees for the proposed phase shifter can be observed when the 90-degree HS has amplitude unbalances ranging from −2 to 2 dB. Specifically, the maximum magnitude variation of the phase shifter is dependent on the amplitude unbalance of the 90-degree HS and can be observed when the phase shifts are 0, 180, and 360 degrees. The maximum phase deviation can be observed when the phase shifts are 90 and 270 degrees. Figure 5c,d show the effects of the 90-degree HS phase unbalance on the output magnitude and phase shift of the proposed phase shifter, respectively. When the phase unbalances of the 90-degree HS ranged from −6 to 6 degrees, the magnitude variations and phase deviations of the phase shifter were measured to be within around ±2 dB and ±12 degrees, respectively. The maximum magnitude variation was observed when the phase shifts were 90 and 270 degrees. The maximum phase deviation was observed when the phase shift was 180 degrees. It should be noted that the amplitude and phase of the 90-degree HS were set to be balanced when studying the effects of the phase and amplitude unbalances on the magnitude variation and phase deviation of the proposed phase shifter.



Considering the amplitude and phase unbalances of the 90-degree HS, the magnitude and phase responses of the proposed frequency-doubling phase shifter are plotted in Figure 6, where the 90-degree HS (Marki microwave, QH-0266, Morgan Hill, CA, USA) has a frequency range of 2–26.5 GHz, amplitude unbalance of ±0.25 dB, and phase unbalance of ±2 degrees. The input signals had frequencies ranging from 2 to 20 GHz; the output signals of the phase shifter had frequencies ranging from 4 to 40 GHz. Figure 6a shows the magnitude response of the phase shifter. It can be seen that the magnitude variations are within ±0.5 dB. The phase response and phase deviations of the phase shifter are plotted in Figure 6b,c. As can be seen, the frequency-doubled signals have a phase shift range from 0 to 360 degrees with an s step of 45 degrees when the tuning bias voltage, V1, shifts from 0 to 8 V with a step of 1 V. The phase deviations of the phase shifter were within ±6 degrees. According to the results in Figure 5, the magnitude variations and phase deviations of the proposed frequency-doubling phase shifter could be reduced by using a 90-degree HS with lower amplitude and phase unbalances.




4. Conclusions


In summary, a frequency-doubling phase shifter based on a DPMZM and a DD-DPMZM was proposed. The frequency-doubling and phase-shifting factors were realized by processing the input microwave signal in the optical domains at the DD-DPMZM and DPMZM. The optical-domain signal-processing factor was realized by adjusting the DC bias voltages of the two modulators. Hence, the proposed phase shifter could take advantage of a high phase-shifting accuracy and fast tuning speed. Thanks to the broad bandwidth of the optoelectronic devices, such as the modulator and PD, the proposed frequency-doubling phase shifter had a broad bandwidth. In addition, the effects of the amplitude and phase unbalances of the 90-degree HS on the magnitude variations and phase deviations of the phase shifter were studied. The generation of frequency-doubled signals was demonstrated over an output bandwidth of 4–40 GHz and a tunable phase shift ranging from 0 to 360 degrees.
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Figure 1. The schematic diagram of the proposed microwave photonic frequency-doubling phase shifter. LD: laser diode; OD: optical divider; DDMZM: sub-dual-diver Mach–Zehnder modulator; MZM: Mach–Zehnder modulator; DPMZM: dual-parallel Mach–Zehnder modulator; DD-DPMZM: dual-drive dual-parallel Mach–Zehnder modulator; OC: optical coupler; PD: photodetector; HS: hybrid splitter; PS: power splitter; RF: radio frequency, α1: phase shifts controlled by the bias voltage, V1. 
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Figure 2. The optical spectra at the outputs of the (a) DD-DPMZM and (b) DPMZM. The (c) input optical spectrum and the (d) output electrical spectrum of the PD. 
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Figure 3. The generated frequency-doubled waveforms with a 360-degree phase shifting range at the output of the PD after a 30 dB amplification. 
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Figure 4. The (a) magnitude and (b) phase shift responses with the frequency change of the microwave photonic frequency-doubling phase shifter. 
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Figure 5. The effect of the 90-degree HS amplitude unbalance on the (a) magnitude variation and (b) phase deviation of the proposed frequency-doubling phase shifter. The effect of the 90-degree HS phase unbalance on the (c) magnitude variation and (d) phase deviation of the proposed frequency-doubling phase shifter. 
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Figure 6. The (a) magnitude and (b) phase responses of the frequency-doubling phase shifter and its (c) phase deviations. 
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